The paper attempts to elaborate on the basic problem of dielectric charging in insulating films for microelectromechanical capacitive switches, the dependence of the film electrical properties on material stoichiometry and the uncertainty of whether the implementation of a leaky dielectric would reduce the charging effects. Silicon nitride films with stoichiometries ͑N/Si͒ ranging from 0.36 to 0.85 were assessed in metal-insulator-metal capacitors using the thermally stimulated depolarization current method and by obtaining the current-voltage characteristics. Capacitive switches were also fabricated with the same dielectric films. Results from both devices revealed an enhanced charging in the case of silicon-rich films. © 2011 American Institute of Physics. ͓doi:10.1063/1.3560465͔
Capacitive microelectromechanical system ͑MEMS͒ switches are one of the most promising devices for rf applications. However, their commercialization is still hindered by reliability problems regardless of almost 20 years of studies. The most severe reliability problem is the charging of the dielectric. 1, 2 On the way to solving the problem of dielectric charging, several materials have been investigated among which emphasis was given to SiO 2 , Si 3 N 4 , and SiON. [3] [4] [5] [6] [7] [8] [9] Moreover, a detailed comparison of the electrical properties of these materials showed that the charging is very close to the critical threshold for reliable operation. 9 In the case of plasma-enhanced chemical vapor deposition ͑PECVD͒ silicon nitride ͑SiN x ͒ significant effort has been made to identify the dependence of dielectric charging on film thicknesses and stoichiometry. [10] [11] [12] [13] Experimental results have revealed that charges are accumulated near the film surfaces in the case of high frequency ͑13.56 MHz͒ PECVD ͑Ref. 10͒ or high temperature ͑300°C͒ ͑Refs. 12 and 13͒ materials. In contrast the injected charges are distributed across the material volume in the case of low frequency ͑380 kHz͒ PECVD ͑Ref. 10͒ or low temperature ͑Յ200°C͒ ͑Refs. 12 and 13͒ materials. These results clearly indicated that the decrease in deposition temperature and/or plasma frequency increases the silicon content and distributes the injected charges across the dielectric film shifting the injected charge centroid deep inside the dielectric film. Moreover the increase in silicon content is known to decrease the dielectric material band gap and increase the leakage current.
14 The impact of surface and bulk leakage currents on the chemical modification of dielectric film surface and charge accumulation have been discussed in Ref. 15 , where a charge dissipation layer was proposed to mitigate the charging effects. Finally, the aim for minimization of dielectric charging has been associated to the dielectric leakage which would allow the injected/trapped charge removal.
The aim of the present paper is ͑i͒ to provide a deeper insight to the dependence of dielectric charging of PECVD SiN films on the silicon content hence the dielectric material conductivity, ͑ii͒ to provide information on the electrical properties of the defects responsible for the dielectric charging, and therefore ͑iii͒ to determine which dielectric is more suitable for MEMS capacitive switches.
The dielectric material used in the present work is silicon nitride deposited using the PECVD method at 150°C with gas flow ratios ͓NH 3 ͔ / ͓SiH 4 ͔ of 1.33%, 2%, and 4%, which leads to N/Si ratios of about 0.36, 0.41, and 0.63, respectively. The samples were labeled A, B, and C according to the presented order. The stoichiometry of the dielectric film was determined using x-ray photoelectron spectroscopy ͑XPS͒ method. The dielectric is 200 nm thick in all cases. The MEMS beam is an evaporated titanium-gold seed layer electroplated to a thickness of 2 m. Under no applied force, the beam is suspended about 2 m above the dielectric. The switches have an actuation voltage of about 10 V. The sacrificial layer was removed with resist stripper and the switches were dried using a CO 2 critical point dryer. The metal-insulator-metal ͑MIM͒ capacitors had symmetrical contacts Au-Ti-SiN-Ti-Au in order to remove any effect arising from different metal work function, which would directly affect the electrical assessment. 12 Here, it must be pointed out that the dielectric films were not subjected to any annealing process after deposition. The electrical properties of the dielectric films were assessed using the thermally stimulated depolarization current ͑TSDC͒ method and current-voltage ͑I-V͒ characteristic in MIM capacitors. In MEMS capacitive switches charging was monitored through the shift of the bias for minimum capacitance, since this is not affected by the temperature dependence of the device spring constant. No additional stress was applied before each capacitance voltage characteristic and the monitored charging occurred during the bias sweep from Ϫ15 to +15 V with a ramp of 0.1 V/s.
The current-voltage characteristics ͑Fig. 1͒ reveal that by decreasing the nitrogen content the leakage current increases being in agreement with the results presented in Ref. 14. Thus, sample A exhibits a much larger leakage current than sample B. The I-V characteristic of sample C was masked by the displacement current. Here, it must be pointed out that the measured leakage current falls to zero at bias levels for which the depolarization current becomes equal to the injected current ͑J depolarization = J injection ͒, which is determined by the voltage sweeping rated, the total charging time, charge trapping centers characteristics, and trapped charge distribution. For this reason the bias at which the measured current becomes zero has the same polarity as the starting one. Moreover, the bias at which the measured current is zero is found to decrease with decreasing the nitrogen content. This behavior is attributed to an increase in the leakage current due to the formation of nanoclusters [16] [17] [18] [19] and traps which allow the charge transport through conductive percolation tunneling paths and hopping through defect states. 20 Therefore, in order to achieve the condition J depolarization = J injection , the applied electric field must decrease in order to significantly reduce the injected current and give rise to larger depolarization currents.
Because the deposited dielectric films are amorphous and nonstoichiometric an insight on the distribution of defects as well as the variation of their distribution with modifying the deposition conditions can be obtained by using the TSDC method. In TSDC method the current density produced by the progressive decrease in polarization in the course of the experiment, where time and temperature are simultaneously varied, is approximated by
where ␤ is the heating rate ͑K/s͒, E A is the depolarization mechanism activation energy, P S ͑T p ͒ is the equilibrium polarization at the polarizing temperature T p and 0 is the corresponding infinite temperature relaxation time. Since the heating rate is constant, the TSDC spectrum allows the calculation of stored charge measured in the external circuit
The TSDC spectra, inset of Fig. 2 , were found to depend strongly on the film composition and showed discrete components at the low temperatures. 12, 13 A closer view of the TSDC spectra reveals that in the case of sample A the current level at high temperatures is almost two orders of magnitude larger than those of samples B and C indicating a significantly larger stored charge. The overall behavior of the TSDC spectra reveals can be summarized as follows: ͑i͒ the concentration of defects decreases with decreasing the silicon content, ͑ii͒ in the low temperature range, below 330 K the calculated activation energy is practically the same ͑ϳ0.20 eV͒ for all samples revealing the presence of identical defects but with different concentrations which increase with the silicon content, ͑iii͒ the increase in silicon content introduces new defects with larger concentrations and located deeper in the material band gap ͑ϳ0.83 eV͒, which contribute at higher temperatures with correspond longer time constants at room temperature, 7 and modifies the structure of shallower defects ͑T Ͻ 330 K for sample A͒. This becomes obvious in the plot of the temperature dependence of Q ext . Here, it must be pointed out that this behavior reveals that the charge transport takes place through conductive percolation and charge trapping. [15] [16] [17] [18] Finally, the continuous nature of the TSDC spectra with thermally activated envelope indicates a fractal distribution of charge trapping process. 22 These results provide new insight on the trapping kinetics in silicon nitride and taking into account the distribution of time constants 7 they clearly show that the dielectric charging in MEMS has to be attributed to more complex processes. Here, it must be pointed out that these results do not overrule the discrete trap distribution presented in Ref.
23 because the present TSDC experimental results reveal defects with activation energies smaller than 1 eV.
The charging in MEMS switches with non-flat metal plates and dielectric layers of uniform thicknesses can be monitored through the shift of bias for minimum capacitance ͑V m ͒. 12, 24 Adopting the formulation proposed in Ref. 24 and the implementation in Ref. 25 we can derive the bias for the minimum value of electrostatic force as
where and 2 denote the mean and variance of the distribution of capacitance ͑␣͒, and cov is the covariance between the capacitance ͑␣͒ and charge ͑␤͒ distributions.
The bias for minimum capacitance ͑V m ͒ of sample A was found to shift rapidly with temperature from +12.6 V at 300 K to Ϫ5 V at 380 K ͑Fig. 3͒. On the other hand, V m for sample C shifted only from Ϫ1.2 V at 300 K to Ϫ0.9 V at 380 K. These shifts correspond to an induced/injected charge of 3.6ϫ 10 −7 C / cm 2 , 2.6ϫ 10 −8 C / cm 2 , and 6.6 
to the experimental data of Fig. 3 . In ͑4͒ E A is the activation energy and V offsets is the deviation from zero due to residual charging. The calculated activation energies were found to be 0.31, 0.22, and 0.11 eV for samples A, B, and C, respectively, being in reasonable agreement with the TSDC results at low temperatures. The absence of higher activation energies can be attributed to the fact that the MEMS assessment was restricted to 380 K, which is close to the onset of the contribution of deeper defects ͑Fig. 2͒.
In conclusion, a systematic investigation was performed in order to relate the electrical properties of the silicon nitride insulating film of MEMS capacitive switches with the monitored dielectric charging. The investigation was focused on silicon-rich PECVD silicon nitride, whose stoichiometry deviates significantly from the ideal material. It was found that by increasing the amount of incorporated silicon the leakage current increases as well due to percolation and hopping charge transport. On the other hand, both assessment methods, the TSDC in MIM capacitors and the monitoring the shift of bias for capacitance minimum in MEMS switches, revealed that charging increases when the silicon content increases in spite of the increasing leakage current, which would be expected to mitigate the charging. The formation of silicon nanoclusters where potential barriers retain the trapped charges in the potential wells as well as an increasing in the concentration of already existing and the generation of new trapping sites by unsaturated bonds, etc. can be considered responsible for the fractal distribution of charge trapping process. The contribution of this distribution of trapping processes is manifested in the dielectric charging in MEMS switches through a macroscopic average activation energy which is also determined by the weighting contribution of the distribution of defects in the band gap. The activation energy increases in MEMS with silicon rich dielectric, this being in good agreement with the TSDC results. Taking all these into account we are led to the conclusion that silicon nitride films that are closer to stoichiometric material are more promising materials for reliable switches. In such highly resistive materials the injected charges require a larger time to be collected by the bottom electrode. Based on these results further investigation is in progress for the determination of an optimum solution. 
